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1. Introduction

The plasma glycoprotein a,M forms complexes
with proteinases from all 4 classes (serine, thiol, car-
boxyl and metalloproteinases, EC 3.4.21-24) [1-3].
Complex formation is initiated by specific limited
proteolysis in the bait region, located near the middle
of the 4 identical M, 180 000 subunits [1-3]. Fol-
lowing cleavage in the bait region a,M undergoes a
change in conformation resulting in entrapment of
the proteinase [2] and cleavage of the internal y-glu-
tamyl-Bcysteiny] thiol ester [4] in each subunit of
a,M [4—6]. A fraction of the proteinase molecules
becomes covalently bound to a,M [7,8]. The site of
cleavage in the bait region of ;M has been identified
for trypsin [9,10], plasmin [9] and thrombin [9],
respectively. In each case the same Arg—Leu bond
was cleaved. Elastase was found to cleave at a Val—
Gly bond (major cleavage) and at the adjacent Gly—
Phe bond (minor cleavage) [9]. The new N-terminal
sequence generated by cleavage of a;M with Staphylo-
coccus aureus strain V8 proteinase (SP) was also
determined [10]. From these data and the sequence
of the bait region [9}] it is evident that cleavage in the
bait region of a,M by these different proteinases
reflects their known substrate specificities [9,10].

Abbreviations: a,M, a,-macroglobulin (human); SP, Staphylo-
coccus qureus strain V8 proteinase; TPCK, N-tosyl-L-phenyl-
alanine—chloromethylketone; STI, soybean trypsin inhibitor
(Kunitz); SGT, Streptomyces griseus trypsin-like proteinase;
SGB, Streptomyces griseus proteinase B (chymotrypsin-like);
Quadrol, N,V N' N -tetrakis-(2-hydroxypropyl) ethylene
diamine; PTH, phenylthiohydantoin; HPLC, high-perfor-
mance liquid chromatography
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The common cleavage site for trypsin, plasmin,
thrombin and the SP cleavage site (Glu—Ser) are
located 15 and 5 residues, respectively, after the main
elastase cleavage site [9,10]. Here, we report the iden-
tification of the cleavage sites in the bait region of
a,M for a variety of other proteinases with known
primary structures from all 4 classes. We show that
proteolytic cleavage can occur at each residue in the
hexapeptide sequence: —Arg—Val—Gly—Phe—Tyr—
Glu—. This sequence most likely contains the sites in
the bait region at which initial proteolytic cleavage
occurs. Additional probably secondary cleavage can
occur in two other regions situated ~15 and 27 resi-
dues, respectively, from the hexapeptide region.

2. Materials and methods

Human a,M was prepared by Zn?"-affinity chro-
matography [4]. Bovine TPCK-treated trypsin, twice
crystallized a-chymotrypsin and STI were from
Worthington (Freehold NJ). Papain (crystal suspen-
sion, type III protease) and thermolysin (type X pro-
tease) were from Sigma (St Louis MO). Streptomyces
griseus trypsin (SGT) was a gift from W. M. Award jr
(Miami FL). Streptomyces griseus proteinase B (SGB)
was a gift from L. Smillie (Edmonton, Canada). Crys-
talline subtilisin Novo (also known as subtilisin BPN”)
and subtilisin Carlsberg were gifts from I. Svendsen
(Copenhagen). Calf chymosin (crystal suspension)
was a gift from B. Foltmann (Copenhagen). Sephacryl
S-300 was obtained from Pharmacia (Uppsala).
Sequenator analysis of a;M—proteinase complexes
was performed as in [9] with a Beckman 890C instru-
ment using 0.25 M Quadrol [11]. Low vacuum was
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applied for 140 s after cleavage with heptafluoro-
butyric acid (Beckman programme no. 122974).
However, since the recovery of PTH-His and PTH-Arg
was usually low under these conditions, that vacuum

step was omitted in a number of Edman-degradations.

Although this led to recovery of PTH-His and PTH-
Arg in good yield, the repetitive yield was markedly
decreased. For unexplained reasons the yield of PTH-
Thr was very low in all degradations. PTH amino
acids were analyzed by HPLC [12].

3. Experimental

Assuming ~60% active enzyme in the proteinase
preparations used an amount of proteinase was added
to 2 ml a,M (7—10 mg/ml) which would give a 2-fold
molar excess of active enzyme over a,M. Incubations
were performed at room temperature in 0.1 M
Na-phosphate (pH 8.0) (except for a;M-chymosin

which was at pH 6.0) for the times shown in fig.2A,B.

Then trichloroacetic acid was added to 15% (w/v).
After 30 min at 0°C the precipitated a,M—proteinase
complexes were recovered by centrifugation and
redissolved in 1—2 mi HCOOH {12].

The denaturated a,M—proteinase complexes were
then gel-chromatographed on Sephacryl S-300 using
50% HCOOH as eluent. The material in the irregular
void volume peak [9] was diluted with 10 vol. water
and freeze-dried. N-Terminal sequence determination
of a;M—proteinase complexes (4—8 mg) could be
carried out through only 10—12 steps due to the rap-
idly increasing ‘background’ and ‘carry over’ [9]. The
yields of the PTH-amino acids recovered in each step
were plotted as shown in fig.1. In most cases this per-
mitted discrimination of even minor new N-terminal
sequences from ‘background’.

4. Results and discussion

Fig.1 shows that a second new N-terminal sequence:
Val—Gly-Phe—Tyr—X—X—Asp- is present in the
a;M—trypsin complex formed in the presence of
20 mM benzamidine in addition to the new N-termi-
nal sequence: Leu—Val—His—Val—Glu—Glu— and the
original N-terminal sequence of a,M: Ser—Val—Ser—
Gly—Lys—Pro— [9]. Fig.2 summarizes the interpreta-
tion of the results of sequence determination of the
a,M—proteinase complexes studied here, utilizing the
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Fig.1. Yield of PTH-Leu, -Val, -Gly, -Phe, -Tyr and -Asp,
respectively, in each step of Edman degradation of a,M—
trypsin complex formed in the presence of 20 mM benzami-
dine. The data show the steadily increasing background, most
pronounced for PTH-Leu and PTH-Val. The yield of the PTH
amino acids in each step was calculated by deducting the
interpolated background value (—) from the total yield.

known amino acid sequence of the bait region [9].
Fig.3 gives the sequence of the bait region (residues
1-35 from [9]) and the following 10 residues. For
trypsin it is evident that the Argy,—Leu bond identi-
fied earlier as the site of cleavage in the bait region is
not the only site since cleavage was also observed at
Arg,—Val when trypsin was strongly competitively
inhibited by benzamidine. This additional site of
cleavage was also identified in a;M—trypsin complex
formed at pH 6.0, although in lower yield (not
shown). Furthermore, the results of sequence deter-
mination on a,M—SGT complex formed in the pres-
ence of benzamidine show that cleavage has again
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A

aM-trypsin (20 mM benzamidine, 2 min)

1: Ser-Val-Ser-Gly-Lys-Pro-GIn-Tyr-Met-Val-Leu-Val-
(1) (13) (5) (15)(19)(22)(13)(16) (7) (7) (13} (1)

2: Leu-Val-His-Val-Glu-Glu-Pro-His-Thr-Glu-Thr-Val-
(6). (=) (7Y (13) (9) (11) () (-) (8) ()

3: Val-Gly-Phe-Tyr-Glu-Ser-Asp-Val-Met-Gly-Arg-Gly~
(8) (5) (9} (5) (1) (6) (2) (2) (=) M

asM-SGT (20 mM benzamidine, 2 min)

1: Ser-Val-Ser-Gly-Lys-Pro~-GIn-Tyr-Met-Val-
(1) (3) (1) (4) (4) (4) (4) (3) (3) (V)

2: Leu-Val-His-Val-Glu-Glu-Pro-His-Thr-Glu-
(M (1) (1) (68) (2) (2) (1) (=) (2)

3: Val-Gly-Phe-Tyr-Glu-Ser-Asp-Val-Met-Gly
(2) (1) (2) (3) (=) (3} (1) (4)

azM-chymotrypsin (STI:CT =4 mol/mol, 3 min)

1: Ser-Val-Ser-Gly-Lys-Pro-GIn-Tyr-Met-Val-
(4)(23) (7) (28)(11)(15)(14)(17)(14)(13)

2: Glu-Ser-Asp-Val-Met-Gly-Arg-Gly-His-Ala~
(7) (2) (8) (8) (10) (7) (-) (5) (-} (7)

aM-SGB (STI:SGB = 4 mol/mol, 1 min)

1: Ser-Val-Ser-Gly-Lys-Pro-Gln-Tyr-Met-Val-
(1) (6) (1) (11) (9) (16) (8) (6) (5) (3)

2: Val-His-Val-Glu-Glu-Pro-His-Thr-Glu-Thr-
(5) (8) (5) (9) (10) 6y () (3) (M)

azM-subtilisin Novo (1 min)

1: Ser-Val-Ser-Gly-Lys-Pro-Gin-Tyr-Met-Val-Leu-Val-
(1) (11} (6} (6) (7) (10) (8) (6) (3) (5) (4) (4)

2: Leu-Val-His-Val-Glu-Glu-Pro-His-Thr-Glu-Thr-Val-
(3) (5) (6) (6) (3) (5) (5) (1) (2) (1)

3: Val-His~Val-Glu-Glu-Pro-His-Thr-Glu-Thr-Val-Arg-
(4) (4) (4) (3) (4) (=) () (=) () (=)

FEBS LETTERS

December 1981
B

aM-papain (1 min)

1: Ser-Val-Ser-Gly-Lys-Pro-GIn-Tyr-Met-Val-Leu-
(1) (18) (3) (11) (&) (7) (5) (7) (10) (6) (9)

2: Phe-Tyr-Glu-Ser-Asp-Val-Met-Gly-Arg-Gly-His-
(2) (2) (1) (=) (M) () (2) (2) (=) (2) ()

3: Val-Gly-Phe-Tyr-Glu-Ser-Asp-Val-Met-Gly-Arg-
(2) (@) (M (2) () =) (=) (=) (=)

azxM-papain (5 min)

1: Ser-Val-Ser-Gly-Lys-Pro-Gln-Tyr-Met-Val-Leu-
(1) (6) (1) (6) (7) (7) (3) (&) (6) (&) (5)

2: Val-Glu-Glu-Pro-His-Thr-Glu-Thr-Val-Arg-Lys-
(6) (7) (8) (8) (8) (-) (6) (-) (6) (5) (5)

azM-chymosin (1 min)

1: Ser-Val-Ser-Gly-Lys-Pro-GIn-Tyr-Met-Val-Leu-Val-
(4) (14) (9) (18) (16)(14)(12)(10) (1) (5): (11) (9)

2: Tyr-Glu-Ser-Asp-Val-Met-Gly-Arg-Gly-His-Ala-Arg-
(12)(13) (7) (10) (5) (4) (?} (8))/ (3 (83 (5?

3: Arg-Lys-Tyr-Phe-Pro-Glu-Thr-Trp-Ile-Trp-Asp-Leu-
(1) (7) (4) (3) {5) (3) (V) (rr), (-§ (rF)) (?S’ (gl)J

4: Phe-Pro-Glu-
(2) (1) (M)

azM-thermolysin (1 min)

1: Ser-Val-Ser-Gly-Lys-Pro-GIn-Tyr-Met-Val-Leu-Val-
(2) (30) (5) (19)(16)(12) (8) (11)(12) (9) (14)(17)

2: Leu-Val-His-Val-Glu-Glu-Pro-His-Thr-Glu-Thr-val-
(21) (7) (13)(16)(13) (9) (1) (1) (10) (1)

Fig.2. Summary of the interpretation of the sequence results
for o, M complexed with proteinases: (A) the serine protein-
ases trypsin, SGT, chymotrypsin, SGB and subtilisin Novo,
respectively ; (B) the thiol proteinase papain, the carboxyl
proteinase chymosin and the metallo proteinase thermolysin,
respectively; (1) the original N-terminal sequence of a,M
[9,10,14]; (2) the new N-terminal sequence following com-
plex formation; (3,4) the additional N-terminal sequences
observed in some cases. The values listed in brackets denote
the vield of PTH-amino acid recovered. Lack of quantitative
data is indicated as (—). The time of incubating a,M with
proteinase before addition of trichloroacetic acid is indicated.
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Fig.3. Amino acid sequence of a 45 residue stretch of @, M
containing the bait region. The sequence of the 10 residues
that follow after the reported sequence [9] was deduced
from the sequence of the peptide Thr—Val—Arg—Lys—Tyr—
Phe—Pro—Glu, obtained from CB-P [9] after cleavage with
Staphylococcus aureus (SP) proteinase and the sequence of a
large tryptic peptide having the N-terminal sequence: Lys—
Tyr—Phe—Pro—Glu—Thr—Trp~Ile—~Trp—-Asp— (L. S., unpub-
lished). The cleavage sites for different proteinases ate shown
by vertical arrows: T, bovine trypsin; SGT, Streptomyces
griseus trypsin; PA, papain; E, porcine elastase; CS, calf chy-
mosin; CT, bovine chymotrypsin; SP, Staphylococcus aureus
strain V8 proteinase (data from [10}); PL, human plasmin;
TH, bovine thrombin; TL, thermolysin; S, subtilisin Novo;
SGB, Streptomyces griseus proteinase B.

occurred at the same residues (Arg,,—Leu and Arg,—
Val). These results show that the cleavage at Arg,,—
Leu observed earlier is likely to be the result of
secondary proteolytic cleavage in the bait region fol-
lowing the primary cleavage at Arg,—Val.

The cleavage sites for chymotrypsin could not be
deduced from the sequence on the a,M—chymotrypsin
complex, even when this complex had been formed in
the presence of the competitive inhibitor N-acetyl-
L-tryptophan, since a large number of N-termini were
generated. However, by forming the a;M—chymo-
trypsin complex in the presence of STI which is also
a moderately strong competitive inhibitor for chymo-
trypsin [13], a single site of cleavage in the bait
region of a,M was identified under these conditions:
Tyru—Glu.

" For a;M—SGB complex formed in the presence of
STI a single site of cleavage in the bait region of a,M
was identified: Leu,3—Val.

In the case of a;M—subtilisin Novo complex 2 sites
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of cleavage in the bait region of a,M were identified:
Argz,—Leu and Leu,;—Val. Subtilisin Carlsberg also
cleaved a,M at these sites (not shown). The experi-
ments with the latter 2 proteinases were performed
without inhibitors. Since any small peptides released
would have been separated from the a;M—proteinase
complex in the trichloroacetic acid precipitation or
gel-chromatography steps it is not clear whether the
cleavage sites identified here are primary or secondary.

Two separate experiments were performed with
the a;M—papain complex, using a complex formation
period of 1 min and 5 min, respectively. In the 1 min
complex cleavage at Arg,—Val and Gly,—Phe in the
bait region of a,M was obtained in rather low yield.
However, in the 5 min complex cleavage at these
2 sites could not be detected. Only the new N-termi-
nal sequence due to cleavage of His,s—Val was
observed. This shows that the primary cleavages at
Arg,—Val and Glyy—Phe are followed by a rapid sec-
ondary cleavage at His,s—Val.

For a;M—chymosin complex a major site of cleav-
age in the bait region of a;M was found: Phe o—Tyr.
Two minor sites of cleavage could also be identified:
Valy—Arg and Tyr;—Phe.

In one experiment with a;M—thermolysin com-
plex, cleavage had occurred at the Arg,,—Leu bond in
the bait region of a,M. In another experiment an
additional minor cleavage at Thr33—Val was also
observed (not shown).

In addition to the N-terminal sequences originating
from a,M minor N-terminal sequences originating
from the proteinases used could also be discriminated.
The residues that could be clearly attributed to each
proteinase by comparing the minor N-terminal
sequences of the a;M—proteinase complexes with
those of the respective proteinases are shown in fig.4.
The yield was 0.25-0.35 mol/mol a,M subunit for
trypsin and SGT, while it was only 0.10—0.20 mol/
mol a,M subunit for the other proteinases. However,
appearance of 3.0—4.0 mol SH/mol a,M [4] was
observed with all enzymes used.

This work adds further evidence to the results in
[9,10} showing that the site(s) of bait region cleavage
in a,M reflects the known substrate specificity of the
particular proteinase used. So far unusual cleavages
have been only observed for subtilisin and chymosin
(cleavage at Arg,,~Leu and Vals,—Arg, respectively).

As seen in fig.3 the sites of cleavage found so far
are located in 3 discrete parts of the bait region,
namely:
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T: Ile-Val-Gly-Gly-Tyr-Thr-Cys-Gly-Ala-Asn- tide stretch, the sequence of which fits the known
CT: Ie-Val-Asn-Gly-G1u-Glu-ATa-Val ~Pro-Gly- specificity req}nren.lents of all these proteinases.
Ala-Asn-Thre Pm_g_r_f; SIn-Gln-AT As summarized in [2], a,M forms complexes most
—_— gzeu-a n-hin-Ala readily with proteinases that have a broad substrate
SGT: Val-Val-Gly-Gly-Thr-Arg-Ala-Ala-GIn-Gly- specificity. However, mammalian collagenases, which
SGB: INe-Ser-6ly-Gly-Asp-Ala-I1e-Tyr-Ser-Ser- cleave the &, (I) chain of collagen at only one site

S(Novo): Ala-GIn-Ser-Val-Pro-Tyr-Gly-Val-Ser-Glin-

PA: Il1e-Pro-Glu-Tyr-Val-Asp-Trp-Arg-Gln-Lys-
€s:  Gly-Glu-Val-Ala-Ser-Val-Pro-Leu-Thr-Asn-
TL: Ile-Thr-Gly-Thr-Ser-Thr-Val-Gly-Val-Gly

Fig.4. Identification of minor sequences in o, M—proteinase
complexes that can be attributed to the particular proteinase.
The sequences of the first 10 residues from each proteinase
are from [15—22]. Those residues which are underlined could
be clearly identified because they occur only in the protein-
ase sequences in a particular step. For chymotrypsin only the
sequences of the B and C chains could be followed while that
of the A-chain was not identified.

(1) At each residue of the hexapeptide sequence
—Arg—Val-Gly—Phe—Tyr—Glu— (trypsin, SGT,
papain, elastase, chymosin, chymotrypsin and SP
[10];

(2) At Arg,,—Leu (trypsin, plasmin, thrombin, ther-
molysin, subtilisin Novo and Carlsberg and SGT),
Leu,3—Val (subtilisin Novo and Carlsberg and
SGB and Hisys—Val (papain);

(3) At Thra;—Val (thermolysin), Valys—Arg and
Tyrs—Phe (chymosin).

The finding that short incubation of a,M with papain

results in cleavage of the Arg,—Val and Glyy—Phe

bonds while a longer incubation exposes the sequence

Val,—Glu—Glu— shows that the primary bait region

cleavage by papain occurs in the hexapeptide sequence.

Furthermore, cleavage by trypsin or SGT at Arg,—Val

can be detected under conditions (e.g., in 20 mM

benzamidine or at pH 6.0) where the activity of these

proteinases is strongly suppressed. Finally, only the

Tyr;;—Glu bond was found to be cleaved, when chy-

motrypsin was inhibited by STI. Thus, this hexapep-

tide part of the bait region contains specific sites for
primary cleavage by a large number of proteinases.

For those enzymes where cleavage has only been

observed in the 2 other parts of the bait region (~15

and 27 residues, respectively, from the main elastase
cleavage site) it is still conceivable that the primary
cleavage has actually occurred in the same hexapep-

[23] can also cleave a,M near the middle of its sub-
units and form complexes with a,M [3]. The similar-
ity between the sequence of the cleavage site in colla-
gen: —Gly—Pro—GIn—Gly—Ile— [23,24] and the
sequence —Gly—Pro—Glu—Gly—Leu adjacent to the
hexapeptide sequence in the bait region of a,M sug-
gests that the site of cleavage by this collagenase in
a,M is probably the Glys—Leu bond.

The activation of a,M by specific limited proteol-
ysis in the bait region leads to the formation of an
intermediate form (‘nascent’ &, M) in which the Glx-
residues of the activated thiol esters can form covalent
linkages to the bound proteinase [4,8]. In this respect,
the activation of a,M is reminiscent of other pro-
cesses regulated by specific limited proteolysis, e.g.,
zymogen activation and fibrinogen conversion. In
contrast with the very restricted cleavage specificities
found in these systems the clustering of a number of
determinants for specific cleavage in the bait region
allows a,M to be activated by a variety of proteinases
with different catalytic sites and mechanisms. The
resulting @,M complexes probably serve to remove
the particular proteinase from the circulation [25].
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